Maternal 25(OH)-vitamin D quartiles were a significant predictor of eating disorder risk in female offspring, in multivariate logistic regression models. Vitamin D in the lowest quartile was associated with a 1.8-fold increase in eating disorder risk relative to concentrations in the highest quartile. This association also accounted for the relationship between offspring season of birth and eating disorder risk. Results were significant after adjusting for sociodemographic characteristics, body mass index and depressive symptoms. Discussion: This is the first study to link low gestational vitamin D to increased eating disorder risk in female offspring of Caucasian mothers. Research is needed to extend these findings and to consider how gestational vitamin D may relate to the pathogenesis of eating disorders. 
Low maternal vitamin D during pregnancy has been identified as a significant predictor of schizophrenia risk in offspring in later life (1, 2) . This association was identified after researchers hypothesised that links between season of birth and schizophrenia may be due to underlying differences in gestational vitamin D exposure (1, 3) . Season of birth has also been studied in relation to eating disorders, and there is some evidence for over-representation of spring births in anorexia nervosa (AN) (4, 5) and autumn (fall) births in bulimia nervosa (BN) (6) . However, results are mixed and some studies have found no season of birth effects for eating disorders (7) (8) (9) (10) . Research in this area has also lacked a theoretical focus (4) . Season of birth effects may stem from variations in gestational vitamin D, exposure to infectious agents, temperature and weather, and/or pregnancy and birth complications, all of which have the potential to influence fetal or infant neurodevelopment (4) . Studies have not attempted to link season of birth effects in eating disorders to these possible explanatory factors.
Based on findings with schizophrenia, we propose that season of birth effects in eating disorders may stem from underlying gestational differences in vitamin D exposure. Vitamin D is found in very few foods and production primarily occurs through exposure to sunlight, from which ultraviolet
B radiation is synthesised to give 25-hydroxyvitamin D (25[OH]D).
There is currently no standard definition of optimal 25(OH)D, but concentrations below 50nmol/L (20mg/ml) are generally considered to indicate insufficiency (11, 12) . Vitamin D is responsible for maintaining normal levels of calcium and phosphate in the blood, which in turn facilitate other essential processes, including nervous system activity and neurotransmitter functioning (11). In adults, vitamin D has a protective role during brain inflammation and low levels cross-sectionally predict depressive symptoms (13) (14) (15) .
The mechanisms through which gestational vitamin D may influence offspring development have not been clearly delineated, but a 2012 meta-analysis identified significant associations between low maternal vitamin D during gestation and offspring birth outcomes, including birth weight (16) .
Low vitamin D during the second trimester may be particularly relevant to fetal brain development, as human and animal studies have found that the cortical structures critical to behavioral regulation are formed at 14 to 26 weeks gestation (17, 18) . Consistent with this possibility, low vitamin D in the second trimester has been linked to offspring language impairment in childhood (19) , and maternal illness in the second trimester, another possible disrupter to fetal brain development, has been linked to offspring neurocognitive difficulties in childhood (20, 21) .
This study aimed to determine if maternal vitamin D in the second trimester of pregnancy would relate to offspring eating disorder risk. It was hypothesised that that low maternal vitamin D at 18 weeks gestation would predict increased offspring eating disorder risk by age 20 years, and that this relationship would account for any associations between season of birth and eating disorder risk.
Material and methods

Design
Data were drawn from the Western Australian Pregnancy Cohort (Raine) Study, details of which have been published previously (22, 23) . In brief, women (N=2,900) were recruited from the antenatal booking clinics at King Edward Memorial Hospital for women (KEMH), the only public maternity hospital in Western Australia, between May 1989 and November 1991. Women were enrolled at 18 weeks gestation and there were 2,868 live birth babies delivered. The current study utilized a subset of 526 mother-offspring dyads who had maternal venous blood collected at 18 weeks gestation and who remained in the study to adolescence.
Participants
Participants were mother-offspring dyads where maternal 25(OH)D was collected at 18 weeks gestation (n=929), the mother identified as Caucasian (n=802; 86% of the venous blood sample), and offspring eating disorder data were available in adolescence (n=526; 66% of the Caucasian sample). Of the resulting 526 mother-offspring dyads, there were 218 male offspring (42%) and 308 female offspring (58%). Non-Caucasian participants (n=127) were excluded due to differences in the absorption and metabolism of vitamin D across Caucasian and non-Caucasian adults (24) , and insufficient numbers to examine non-Caucasian participants separately in this sample. However, we provide summary details for non-Caucasian participants online as supplementary information.
The eating disorder group (n=98; 87% female) needed to meet criteria for an eating disorder at ages 14, 17 or 20 years. Thus, participants with an eating disorder at ages 14 or 17 were included in analyses even if they withdrew from the study prior to age 20. In contrast, the non-eating disorder group (n=428) needed to fail to meet criteria for an eating disorder at ages 14, 17 and 20 years. As a result, the proportion of participants with an eating disorder is inflated relative to the true cohort prevalence. Movement between eating disorder diagnostic categories over time was common and diagnostic categories were considered jointly for analyses. (25, 26) . Twenty-eight samples were also measured using isotope-dilution liquid chromatography-tandem mass spectrometry by RMIT Drug Discovery Technologies (Melbourne Australia) according to published methodology (27) . Offspring eating disorder symptoms in adolescence. Eating disorder symptoms were assessed at the 14, 17 and 20-year Raine Study assessments, using 24 items adapted from the Child Eating
Measures
Disorder Examination (ChEDE) (30) and Eating Disorder Examination-Questionnaire (EDE-Q) (31).
Items assessed for DSM-IV-TR and DSM-5 diagnostic criteria for AN, BN and BED, and for dietary restraint and eating, weight and shape concerns more generally. Items also assessed for purging disorder (PD) (32) , an example of the eating disorders 'not elsewhere classified' in DSM-5 (33) . Eating disorders were classified on the basis of responses to these 24 items, in conjunction with measured height and weight (used to calculate body mass index [BMI]) and self-reported menstruation status for females. We have previously reported on this process (22) . With changes in diagnostic criteria from DSM-IV-TR to DSM-5, we refer to both narrowly defined, DSM-IV-TR threshold cases (e.g., binge
eating and purging at least 2x week for BN) and more broadly defined, DSM-5 compatible cases (e.g., binge eating and purging at least 1x week for BN). The eating disorder classification process is summarised online as supplementary information.
Covariates. We considered pregnancy, birth and adolescent variables that may impact on the association between gestational vitamin D and offspring eating disorder risk. These are summarised in Table 1 . Maternal and family characteristics during pregnancy were assessed via self-report questionnaires administered to mothers at their 18-week antenatal visit. Maternal BMI and health problems during pregnancy (e.g., kidney dysfunction, thyroid dysfunction) and offspring birth weight and gestational age were recorded by KEMH. Adolescent variables were taken from the 14-year adolescent assessment but in all cases correlated highly with data from 17 and 20 years. Family characteristics were reported by mothers and adolescent depressive symptoms were self-reported by adolescents using the Beck Depression Inventory for Youth (BDI-Y) (34). Adolescent's height and weight were measured during a face-to-face assessment and used to calculate BMI (kg / m 2 ).
Statistical analyses
Preliminary analyses. Participants with an eating disorder by age 20 (n=98) were compared to participants without an eating disorder (n=428) on pregnancy, birth and adolescent covariates, using analysis of variance (ANOVA) and Chi square tests. Participants included in the current study (n=526)
were also compared to participants where maternal blood was collected at 18 weeks gestation but offspring were lost to follow-up before adolescence (n=276), and to participants where maternal blood was not collected at 18 weeks gestation but offspring were followed to adolescence (n=1070).
Preliminary screening was undertaken to examine the linearity or otherwise of any relationship between maternal 25(OH)D and offspring eating disorder risk, as the possibility of a Jshaped association has been identified for schizophrenia (i.e., elevated risk at low levels and very high levels) (1). To achieve this, maternal 25(OH)D concentrations were divided into deciles and eating disorder risk ratios were calculated for each decile.
Associations between maternal 25(OH)D levels and offspring season of birth. Linear-by-linear
Chi square tests were used to examine the association between maternal 25(OH)D quartile at 18 weeks gestation and offspring season of birth. Whilst Chi square tests are poorly suited to detecting seasonal patterns in risk, they are suited to comparing seasonal proportions across groups (35).
Associations between maternal 25(OH)D levels, offspring season of birth, and offspring
eating disorder risk. Two logistic regression models were constructed to examine the effects of (i) maternal 25(OH)D quartile on risk for an eating disorder by age 20 and (ii) season of birth on risk for an eating disorder by age 20, adjusting for covariates. These models were run for male and female participants separately. Given the low prevalence of male eating disorders, results from male participants should be viewed as preliminary. For female participants, a multivariate model was also constructed to examine the joint effects of maternal 25(OH)D quartile and season of birth on risk for an eating disorder by age 20. The sample of 308 female participants provided over 80% power to detect an absolute differential exposure of 15% if non-eating disorder cases had a 20% prevalence of low vitamin D (i.e., quartile one), or 10% if non-cases had a prevalence of 10% (p < .05). Table 1 summarises between-group differences between participants who experienced an eating disorder by age 20 and those who did not. Based on these differences, maternal kidney problems at 18 weeks gestation, family income and whether the biological father was present at age 14 years, and offspring BMI and depressive symptoms at age 14 years were included as covariates in all analyses.
Results
Preliminary analyses
[ Differences between the current sample and the broader Raine Study cohort are summarised online as supplementary information. There were no significant differences between participants who met 'narrow' (DSM-IV-TR) criteria for an eating disorder and those who met broader DSM-5 criteria (ps = .11 -.90)
When examining offspring eating disorder risk by each decile of maternal 25(OH)D, we found no evidence for a J-shaped curve of association. Risk was greatest in deciles 1 and 2, which correspond to the lowest quartile of concentrations.
Associations between maternal 25(OH)D levels and offspring season of birth.
Mean 25(OH)D levels for each vitamin D quartile are summarised in Table 2 .
[ = .20). This overall effect stemmed from offspring eating disorder risk being over two times greater when maternal 25(OH)D levels were in the first (lowest) quartile compared to when they were in the fourth (highest) quartile (see Table 3 ). Figure 1 summarises the proportion of female participants within each vitamin D quartile, by eating disorder status.
[
FIGURE 1]
There was also a significant association between season of birth and eating disorder risk in females, after adjusting for covariates (χ 2 [8] =35.03, p<.001, Nagelkerke R 2 = .12). This effect stemmed from offspring eating disorder risk being approximately three times higher when female participants were born in spring relative to winter (see Table 3 ). Figure 2 summarises the proportion of participants born in each season, by eating disorder status.
[ Table 3 ).
[ Table 4 ).
The R 2 statistic was comparable to that for the model with maternal 25(OH)D alone. The presence of maternal kidney difficulties at 18 weeks gestation contributed significantly to all models for females.
[ When we stratified analyses by eating disorder diagnosis, results from the full sample were replicated for women with BN. In contrast, results for AN, BED and PD did not reach statistical significance in univariate or multivariate models. Small group sizes for these eating disorder diagnostic groups make replication important, and we view these diagnosis-specific findings as preliminary, and in need of extension in future studies.
We also provide preliminary data on associations between maternal 25(OH)D, season of birth, and risk for eating disorders in males. In this sample, no significant associations were identified between gestational vitamin D and male eating disorder risk, or between season of birth and male eating disorder risk. Given the small number of male participants with an eating disorder, we recommend extension in future studies. There are sex differences in fetal cortical development (36), allowing for the possibility that low gestation vitamin D will have a different effect on male and female offspring, but further research is required to investigate this possibility.
Implications for the aetiology of eating disorders
As this is the first study to investigate associations between gestation vitamin D and offspring eating disorder risk, our findings need to be interpreted as preliminary. Nonetheless, the possibility that gestational vitamin D levels relate to eating disorder risk in later life is of significance to psychiatry in general and the eating disorder field in particular. Our results highlight the importance of attending to biological as well as psychosocial factors when considering the pathogenesis of eating disorders, a position that has gained favour over the past three decades (e.g., 37, 38) . Gestational vitamin D may be a new variable of interest for biologically focused investigation. To complement direct research on gestational vitamin D and offspring outcomes, research in this area could also be extended if studies on eating disorder prevalence rates included information on average sunshine exposure and/or vitamin D levels in the geographic region/s under investigation.
Study limitations
This study has a number of strengths. It is the first to test the hypothesis that gestational 1 As only 13 male participants met criteria for an eating disorder, these results should be viewed as preliminary.
Note. OR = odds ratio, CI = confidence intervals. Models are adjusted for the presence of maternal kidney dysfunction at 18 weeks gestation, family income and whether the biological father was living at home at age 14, and offspring body mass index and depressive symptoms at age 14. Note. OR = odds ratio, CI = confidence intervals. Models are adjusted for the presence of maternal kidney dysfunction at 18 weeks gestation, family income and whether the biological father was living at home at age 14, and offspring body mass index and depressive symptoms at age 14.
